A cellulase gene of Clostridium thermocellum was transferred to Escherichia coli by molecular cloning with bacteriophage lambda and plasmid vectors and shown to be identical with the celA gene. The celA gene product was purified from extracts of plasmid-bearing E. coli cells by heat treatment and chromatography on DEAE-Trisacryl. It was characterized as a thermophilic endo-4-1,4-glucanase, the properties of which closely resemble those of endoglucanase A previously isolated from C. thermocellum supernatants. On sodium dodecyl sulfate-polyacrylamide gel electrophoresis the enzyme purified from E. coli exhibited two protein bands with molecular weights of 49,000 and 52,000. It had a temperature optimum at 75°C and was stable for several hours at 60°C. Endoglucanase activity was optimal between pH 5.5 and 6.5. The enzyme was insensitive against end product inhibition by glucose and celiobiose and remarkably resistant to the denaturing effects of detergents and organic solvents. It was capable of degrading, in addition to cellulosic substrates, glucans with alternating 0-1,4 and 0-1,3 linkages such as barley I8-glucan and lichenan.
0-1,4 and 0-1,3 linkages such as barley I8-glucan and lichenan.
The extracellular cellulase produced by the thermophilic anaerobic bacterium Clostridium thermocellum is attracting increased interest because of its potential for the saccharification of lignocellulosic biomass. It offers several advantages over mesophilic enzymes obtained from fungi of the genus Trichoderma. These include increased thermostability and a significantly higher specific activity (17, 26) . Furthermore, in contrast to the fungal enzymes, the clostridial cellulase is not inhibited by moderate concentrations of the end products glucose and cellobiose.
Cellulase is not a single enzyme but a multienzyme complex (6) . It includes at least two types of enzymatic activities, namely, endoglucanases (1,4-p-D-glucan glucanohydrolases, EC 3.2.1.4) and exoglucanases (1,4-p-D-glucan cellobiohydrolases, EC 3.2.1.91), which must act synergistically to achieve degradation of crystalline cellulose. Until now only endoglucanases have been purified and characterized from C. thermocellum: endoglucanase A with a molecular size of 56 kilodaltons (kDa) from strain NCIB 10682 (28) and an endoglucanase of approximately 90 kDa from C. thermocellum LQRI (27) . Further characterization of this multienzyme system has been impeded by its tendency to form high-molecular-weight aggregates (2, 19) .
The biotechnology of thermophilic microorganisms is still insufficiently developed, and a series of engineering problems remain to be solved (32) . Therefore, most industrial enzymes are produced by microorganisms that grow at moderate temperatures. However, as far as enzyme production is concerned, the transfer of thermophilic genes by genetic engineering to well-known mesophiles such as Escherichia coli or Bacillus subtilis could result in technically as well as economically feasible processes (31) . It appears to be more economical to work with some few production organisms that have been extensively studied with respect to their genetics and physiology than to employ a variety of less characterized genera and species.
Successful expression of several enzymatic activities encoded by C. thermocellum genes in E. coli has been reported (10, 24, 29) . Two cloned genes, designated celA and celB, * Corresponding author.
have been further characterized (9) . It was shown that the celA gene codes for the previously isolated endoglucanase A, and the nucleotide sequence of this gene has been determined (3) . The product of the celB gene, termed endoglucanase B, was purified from E. coli (4) . It was found that the extracellular endoglucanases of C. thermocellum are distributed in E. coli between the cytoplasmic and periplasmic compartments. However, no data were given on the thermal stability and chemoresistance of the heterologous enzymes.
In this paper we describe the purification and characterization of the major endoglucanase activity of C. thermocellum from a genetically manipulated E. coli strain carrying the clostridial celA gene. It will be shown that the endoglucanase A produced in E. coli, although differing in molecular weight, still exhibits the biotechnologically relevant properties of the clostridial enzyme. MATERIALS (16) .
Recombinant DNA techniques. Phage and plasmid DNA was prepared as described by Maniatis et al. (23) . Ethidium bromide-CsCl density centrifugation and agarose gel electro-phoresis were carried out as described previously (22) . Restriction endonucleases and T4 DNA ligase were obtained from Pharmacia Fine Chemicals, Piscataway, N.J., and used under the conditions specified by the supplier.
Cloning procedure. Lambda CEL16 (29) and pBR322 DNAs were cleaved with the restriction endonuclease EcoRI or HindIll and ligated with T4 DNA ligase. Ligation mixtures were transformed into E. coli DH1 and plated in 3 ml of lambda broth overlay agar supplemented with 0.2% carboxymethylcellulose (CMC) on LB agar containing ampicillin. Plates with 500 to 1,000 transformed colonies were flooded with Congo red (1 mg/ml of H20) for 15 min and destained by washing with 1 M NaCl for 10 min. Cellulaseproducing transformants showed a yellowish hydrolysis zone in a red background (33) . Such clones were purified three times by streaking for single colonies and checked for cellulase production on duplicate plates.
Cellulase preparations. C. thermocellum cellulase was prepared from the supematant of a fully grown culture by ammonium sulfate precipitation (80% saturation) and dialyzed against 0. 16 ,000 x g. To the supernatant (280 ml) 83 g ammonium sulfate was added (48% saturation). After stirring for 60 min, the suspension was centrifuged for 15 min at 16 ,000 x g. The pellet was washed with buffer B containing ammonium sulfate (50% saturation), redissolved in 12 ml of buffer B, and dialyzed against buffer B. This enzyme fraction was applied to a DEAE-Trisacryl column (1.6 by 8.5 cm) equilibrated with buffer B. The column was eluted with a 200-ml salt gradient (0.0 to 0.1 M NaCl in buffer B). Active fractions (24 ml) were pooled, dialyzed against 10 mM sodium succinate (pH 5.8), lyophilized, and dissolved in 2.4 ml of H20.
Avicel affinity chromatography. A sample of the DEAETrisacryl fraction was loaded on an Avicel column (1.5 ml) equilibrated with buffer A. The column was washed with 2 M NaCl and then eluted with 8 Endoglucanase activity was also determined by a viscosimetric assay. Reaction mixtures containing 0.75% (wt/vol) CMC in buffer A were incubated for 60 min at 60°C. Incubations were stopped by boiling for 5 min to inactivate the enzyme. The viscosity was determined at room temperature with a KPG-Ubbelohde microviscosimeter Ic (Schott).
The reciprocal of the specific viscosity (fluidity) lln was calculated by the formula1/n = to/(t -to), where to is the flow time of buffer and t is the flow time of CMC. Enzymatic activity was proportional to the increase in fluidity.
Chemicals. CMC (extent of carboxymethylation, 0.7%) and Avicel TG-104 were purchased from Serva, Heidelberg, Federal Republic of Germany. Cellobiose, laminarin, lichenan, mannan, xylan, and 5,5'-dithiobis-2-nitrobenzoic acid were obtained from Sigma. Barley P-glucan (30% ,-1,3, 70% ,-1,4 linkages) was purchased from Biocon, Cork, Ireland. Restriction endonucleases and T4 DNA ligase were from Pharmacia; DEAE-Trisacryl was from LKB; marker proteins for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis were from Boehringer Mannheim Biochemicals, Indianapolis,Ind., and protein silver stain was from Bio-Rad Laboratories, Richmond, Calif. RESULTS
Cloning of celA gene. The recombinant phage lambda CEL16 was selected from a genomic library of C. thermocellum DNA constructed in the vector lambda 1059 (29) . This clone contains an 11.6-kilobase insert directing the synthesis of a carboxymethylcellulase (CMCase). The CMCase gene was subcloned in the plasmid pBR322 upon digestion with EcoRI. Transformants were detected on CMC agar plates by the Congo red technique (see above). One of the recombinant plasmids, designated pWS01, contained a 9.7-kilobase EcoRI fragment (Fig. 1) The physical maps presented in Fig. 1 are nearly identical with the map of Cornet et al. (9) for the celA region of C. thermocellum. Minor discrepancies might be attributed to strain differences. Moreover, the restriction data are in good agreement with the nucleotide sequence of the celA gene determined by Beguin et al. (3) . The cloned CMCase gene is therefore considered to be identical with the celA gene of C. thermocellum encoding endoglucanase A.
Purification of celA gene product from E. coli(pWS11). Most of the CMCase produced by E. coli DH1(pWS11) was located in the periplasmic space, since around 70% of the total activity could be released by an osmotic shock proce- dure (8) . Less than 10% of the CMCase activity was found in the culture supernatant. The enzyme was therefore purified from extracts of E. coli DH1(pWS11) as summarized in Table 1 . The majority of the E. coli proteins could be removed by heat treatment for 10 min at 65°C. Extensive purification was achieved by ion-exchange chromatography on DEAE-Trisacryl. During elution of the column with a linear KCl gradient, the enzyme emerged at low salt concentrations (20 to 40 mM KCl) ahead of the bulk of the adsorbed proteins. Overall purification was 260-fold with a recovery of about 20%.
Molecular weight of ceUl gene product. The molecular weight of the enzyme produced by E. coli DH1(pWS11) was determined by SDS-polyacrylamide gel electrophoresis. Two prominent protein bands were detected with molecular sizes of 49 and 52 kDa, respectively (Fig. 2) . No significant further purification was obtained by subsequent Avicel affinity chromatography. Both protein species bound strongly to Avicel and could be eluted with 8 M guanidinium hydrochloride after washing the column with 2 M NaCl.
Mode of action. Enzymatic hydrolysis of CMC results in a loss of viscosity concommitant with an increase in reducing sugar residues. Any hydrolytic event, regardless of position, generates a new reducing group, while only attacks which substantially decrease the degree of polymerization cause a rapid drop in viscosity. An endoglucanase is therefore predicted to cause a steep increase in fluidity when plotted versus the increase in reducing sugar residues. A significantly lower slope is expected for an exoglucanase. The curves shown in Fig. 3 Influence of pH and temperature on activity. The effect of pH and temperature on CMCase activity was determined for the endoglucanase purified from E. coli DH1(pWS11) and compared with that on crude cellulase preparations from C. thermocellum and T. reesei (Fig. 4) . The activity curves with respect to pH show for the purified endoglucanase a broad pH optimum between pH 5.5 and 6.5. Both cellulase preparations displayed maximal activity around pH 5.5 .
The temperature optima of the three enzyme preparations differed widely (Fig. 5) . The enzyme from E. coli DH1(pWS11) exhibited optimal activity around 75°C, whereas the crude C. thermocellum cellulase containing several CMCase activities had a temperature optimum around 65°C. In contrast, the optimal temperature of the T. reesei cellulase is around 50C.
The thermal stability of the three enzymes during incubation at 60°C in the absence of substrate differed strikingly (Fig. 6 ). For the enzyme purified from E. coli no loss of activity was detectable during a 2-h incubation, whereas a rapid inactivation of the T. reesei cellulase was observed. The inactivation kinetics of the C. thermocellum cellulase suggest that about half of the total CMCase activity is less thermostable than the celA endoglucanase.
Effect of chemicals on enzyme activity. The effect of cellobiose on the CMCase activities was examined (Fig. 7) . Cellobiose had no effect on endoglucanase A and C. thermocellum cellulase at concentrations that significantly inhibited the T. reesei enzyme. Similarly, endoglucanase A was not inhibited by 0.25 M glucose (data not shown).
The effects of various chemicals on the E. coli-synthesized enzyme are summarized in Table 3 . The enzyme was not significantly affected by divalent cations or thiol reagents with the exception of HgCl2. It was also remarkably resistant against denaturation by SDS and other detergents. Furthernmore, the enzyme activity was not inhibited by ethanol concentrations up to 10% (wt/vpl) (data not shown).
DISCUSSION
The evidence presented in tiis paper confirms the cloning of a C. thermocellum ,B-glucanase gene and its expression in E. coli. The restriction map of the cloned DNA is in full agreement with the nucleotide sequence of the celA gene determined by Beguin et al. (3) . The enzyme purified from E. coli extracts was characterized as an endo-P-1,4-glucanase and is in this respect identical to endoglucanase A isolated previously from C. thermocellum (28) .
Purification of endoglucanase A from E. coli extracts was greatly facilitated by the absence of high-molecular-weight aggregates such as those formed by C. thermocellum extracellular proteins (2, 19) . Furthermore, production of this enzyme in E. coli permitted the employment of a simple purification procedure taking advantage of its heat resistance to separate it from the thermolabile enzymes of the mesophilic host. Similar procedures have previously been developed for the isolation of endoglucanase B of C. thermocellum (4) and for the separation of cellulase components of Clostridium stercorarium (11, 12) . The specific activity of the endoglucanase A preparation purified from E. coli (580 U/mg) was about one-third of that reported for the enzyme isolated from C. thermocellum (1,650 U/mg of protein) (28) . It is unclear, however, whether this difference reflects alterations in the enzyme structure or variations in the assay procedure. For example, the rate of CMC hydrolysis is known to be strongly influenced by the extent of carboxymethylation of the substrate (20) .
The endoglucanase A activity produced in E. coli amounts to roughly 20% of the total CMCase activity present in the same culture volume of C. thermocellum, about half of which is due to endoglucanase A (9). Taking into consideration that the cloned celA gene is carried on a multicopy plasmid, production of endoglucanase A in E. coli is clearly less efficient than in the parental C. thermocellum strain. However, the heterologous gene expression can be significantly enhanced by insertion of the celA gene into E. coli expression vectors (W. H. Schwarz, unpublished data).
The molecular size of the larger protein species present in the enzyme preparation from E. coli DH1(pWS11) is in accord with the molecular size of 52.5 kDa deduced from the nucleotide sequence (3). The molecular size of 56 kDa found for the mature C. thermocellum enzyme may be explained if the latter is glycosylated. However, in celA-containing minicells of E. coli, the major protein species detected by immunoprecipitation with antiserum against endoglucanase A had molecular sizes of 56.5 and 55 kDa (9) . Thus, it cannot be excluded that both enzyme species isolated from E. coli(pWS11) are derived from the primary translation product by proteolysis. It is unclear to what extent this processing is correlated to the secretion process. The size difference of 3 kDa between the two protein species could be accounted for by the removal of an amino-terminal signal peptide. Consistent with this interpretation is the finding that the polypeptide sequence deduced from the DNA sequence of the celA gene includes a presumptive signal sequence of 32 amino acids (3). Despite these differences in molecular size, the enzymatic properties of endoglucanase A produced in E. coli correspond closely to that reported previously for the enzyme purified from C. thermocellum (28) . Both endoglucanase A preparations displayed a temperature optimum around 75°C and were stable up to 65°C. It should be noted that the useful temperature range of enzymes, i.e., at which they are not completely inactivated within a few minutes, is always some 10 to 20°C lower than the activity maximum.
A decline in thermostability owing to adaption to the mesophilic environment was observed for the thermophilic ,B-isopropylmalate dehydrogenase expressed by a cloned Thermus thermophilus gene in E. coli (25) Like other thermostable enzymes, endoglucanase A also seems to have an increased chemostability, being more resistant to the denaturing effects of detergents and organic solvents than mesophilic enzymes. Whether these features are causally linked to thermotolerance or not is still unclear. At any rate, the ability of endoglucanase A to function at relatively high ethanol concentrations may enable it to be used in industrial ethanol production from cellulosic materials.
The enzyme was active and stable in the presence of air. Moreover, despite its high content of cysteine residues (3), the endoglucanase activity was not affected by thiol reagents. Free sulfhydryl groups are therefore either not reqpired for enzymatic activity or are protected against chemical modification. Stability in the presence of oxygen and insensitivity toward thiol reagents has also been reported for various starch-degrading enzymes from Clostridium thermosulfurogenes and Clostridium thermohydrosqilfuricum (14, 15) and for the thermostable xylanases of C. stercorarium (5) . These findings taken together indicate that exoenzymes from thermoanaerobes are not generally prone to inactivation by oxidation.
In the course of this work, it was noted that endoglucanase A can also be employed for the degradation of 3-glucans containing alternating sequences of P-1,3-or P-1,4-linked glucans. There is considerable interest in the brewing industry in microbial P-glucanases that can complement or substitute for the enzymes present in malt. The application of such enzymes alleviates problems associated with high levels of P-glucan in beer such as formation of gels and hazes (7, 13) . It remains to be investigated whether the clostridial enzyme is in these respects superior to the enzymnes currently in use.
These results demonstrate the feasibility of producing a heat-resistant 0-glucanase from a thermophilic bacterium in E. coli. The information on the thermostability of this enzyme thus lies in its structural gene and is not attributable to posttranslational modifications in the thermophilic environment. Furthermore, differences in protein processing in the heterologous host have no detectable effect on heat resistance and chemostability of the thermophilic enzyme. The ability of this enzyme to degrade a wide range of ,B-glucans, including barley glucan and lichenan, might be exploited for biotechnological applications.
